Abstract.-Community ecologists are increasingly aware that the regional history of taxon diversication can have an important in uence on community structure. Likewise, systematists recognize that ecological context can have an important in uence on the processes of speciation and extinction that create patterns of descent. We present a phylogenetic analysis of 33 species of a North American radiation of damsel ies (Zygoptera: Coenagrionidae: Enallagma Selys), which have been well studied ecologically, to elucidate the evolutionary mechanisms that have contributed to differences in diversity between larval habitats (lakes with and without sh predators). Analysis of molecular variation in 842 bp of the mitochondrial cytochrome oxidase I and II subunit and of the intervening Leu-tRNA and 37 morphological characters resulted in three well-de ned clades that are only partially congruent with previous phylogenetic hypotheses. Molecular and morphological data partitions were signi cantly incongruent ( p < .01). Lack of haplotype monophyly within species and small amounts of sequence divergence (< 1%) between related species in three of the four clades suggest that recent, and parallel, speciation has been an important source of community diversity. Reconstruction of habitat preference over the phylogeny suggests that the greater species diversity in sh-containing lake habitats re ects the recency of shifts into the shless lake habit, although a difference in speciation or extinction rates between the two habitats is dif cult to exclude as an additional mechanism.
Central goals of both community ecology and evolutionary biology are to explain patterns of species diversity (Mayr, 1942 (Mayr, , 1954 MacArthur, 1972) , but workers in these two elds generally seek explanations for biodiversity from very different perspectives. Community ecologists most often search for explanations based on mechanisms that in uence the maintenance of species richness under different ecological conditions (Huston, 1994; Rosenzweig, 1995) , whereas evolutionary biologists typically focus on mechanisms and circumstances that in uence diversi cation rates (Stanley, 1979) . Only a few authors have combined these two perspectives in a comprehensive assessment of the forces that have shaped both the generation and maintenance of species diversity patterns across ecological milieus (Wilson, 1961; Rummell and Roughgarden, 1985; Ricklefs, 1989; Roughgarden and Pacala, 1989; Ricklefs and Schluter, 1993) . Ecologists are beginning to recognize that local diversity patterns are greatly in uenced by historical processes such as speciation, extinction, and biogeographical history (Ricklefs, 1987 (Ricklefs, , 1989 Brown and Nicoletto, 1991; Cornell and Lawton, 1992; Cadle and Green, 1993; Ricklefs and Schluter, 1993) ; purely ecological interpretations of diversity patterns may thus be awed. For example, a particular ecological setting may be capable of supporting many species, but few may exist there at any one time, because low speciation rates, high extinction rates, and lack of dispersal constrain species richness. Diversity patterns across communities may be determined as much by the idiosyncrasies of diversi cation within particular taxa as by deterministic processes (e.g., interspeci c interactions) operating at the level of the community (Cadle and Green, 1993; Cornell, 1993) .
Likewise, ignoring the ecology of a taxon may lead to dubious conclusions about patterns of diversi cation. The importance of ecology in determining speciation rates may vary from being almost irrelevant to being fundamental, depending on the mechanism of speciation (Bush, 1975; White, 1978) . In the simplest models of allopatric speciation in which geographic barriers limit gene ow between different parts of a species' range (e.g., vicariance), local ecological conditions have little or no effect on the probability of speciation (Cracraft, 1982 (Cracraft, , 1985 . However, ecology plays a central role in other speciation mechanisms that involve adaptation to varying conditions, such as variation across the range of a progenitor species (reviewed by Barton, 1988; McPeek, 1996) , variation on a local 697 scale that permits habitat shifts (e.g., Bush, 1969 Bush, , 1975 Rice, 1987; Tauber and Tauber, 1989; Feder et al., 1990 Feder et al., , 1997 McPeek, 1995; McPeek et al., 1996) , or variation that creates alternative adaptive peaks within a habitat (Wright, 1932; Barton, 1989) . The processes generating new species and the processes maintaining levels of diversity among extant species thus may interact in nontrivial ways (Vermeij, 1987; Jackson, 1988; Allmon, 1992) . Each set of ecological conditions may foster different speciation and extinction rates, such that these rates vary among lineages that occupy different ecological settings (e.g., Vrba, 1979 Vrba, , 1980 Vrba, , 1984 Mitter et al., 1988) . When the ecological context in which diversi cation occurred is ignored, erroneous estimates may be derived for diversi cation rates (e.g., by assuming constant speciation and extinction rates across all lineages) or inappropriate models of the mechanisms driving diversication may be assumed (e.g., speciation by way of habitat shifts versus population differentiation within habitat types).
Therefore, understanding the processes governing the generation and maintenance of species diversity patterns requires that we consider both the ecological processes in uencing local diversity and the evolutionary processes governing diversi cation of taxa to create the regional pool of species. A comprehensive approach should simultaneously explore (1) the history of diversi cation into multiple ecological settings, (2) the relationship between ecological conditions and the evolutionary mechanisms that in uence relative rates of speciation and extinction, and (3) the ecological processes maintaining diversity in the present. The rst of these goals can be addressed by developing phylogenetic hypotheses for component taxa in the community. Here, we propose such a hypothesis for a group of ecologically well-studied North American damsel ies. This phylogenetic framework provides the historical context for continuing studies of the roles that ecological and evolutionary processes play in shaping patterns of species diversity across ecological mosaics.
Systematics and Natural History of Enallagma Selys
Damsel ies in the genus Enallagma (Odonata: Coenagrionidae) are members of the littoral communities of aquatic habitats. With » 70 currently recognized species (Bridges, 1994; May, 1997) , Enallagma are present on all continents except Australia and Antarctica. North America has the largest Enallagma fauna (37 species) of any continent (Tsuda, 1991; Westfall and May, 1996) , and Enallagma is the most species-rich Nearctic genus of zygopterans.
Worldwide, this is a heterogeneous assemblage. To a large extent, Enallagma have been recognized by shared plesiomorphies and by the absence of characters that distinguish related genera (May, 1997) , so relationships among species have been dif cult to discern. Two disjunct centers of diversity exist within the genus, one in North America and the other in sub-Saharan Africa, with a scattering of species in the Palearctic and Asian regions. The marked concentration of species in two areas that have been geologically separated for at least 90 million years (Windley, 1984) , and that have no species in common, in itself suggests the independent evolution of two clades in these regions. Morphology also supports recognition of a monophyletic group of the North American species (including the Cuban endemic, E. truncatum, and the Mesoamerican species, E. eiseni, E. novaehispaniae, E. rua, and E. semicirculare) plus the Holarctic/Palaearctic E. cyathigerum species group, which also includes E. boreale, E. belyshevi, E. deserti, E. nigrolineatum, E. risi, and E. vernale (Haritonov, 1975; May, 1997) . Because the latter group appears to have arisen rather recently (Donnelly, 1963; and see below) , their distributions probably represent invasions of Asia and Europe from North America.
On the basis of the shape of the penes and of the tenth abdominal segment, Kennedy (1920) proposed that the African and North American species should be placed in separate genera, although this has not been widely accepted. Recent morphological evidence (M.L. May, unpubl. data) indicates, however, that penes shape, characteristics of the male cerci, and shape of the female pronotum are synapomorphies that identify the North American species plus the E. cyathigerum species group as a monophyletic clade separate from the African species and from E. parvum of the Indian subcontinent. DeMarmels (1989) and Racenis (1958) showed that three South American species formerly placed by some in Enallagma (now in the genera Argentagrion, Cyanallagma, and Measamphagrion; Bridges, 1994) should be excluded from that clade. The placement, and in fact the identity, of the little-known Asian species E. ambiguum, E. brevispina, E. insula, and E. kagiense is unclear.
Larvae of Enallagma species reside in aquatic habitats throughout North America and show a striking distribution pattern among water bodies. Across eastern North America, 27 species have been found as larvae only in water bodies that support sh populations, whereas larvae of 4 species are found only in shless water bodies; this habitat distribution pattern has been documented in Tennessee (Johnson and Crowley, 1980) , Michigan (McPeek, 1989 , 1990a , 1998 In all regions of North America examined thus far, the number of species in lakes with sh is consistently three to ve times greater than the number of species in shless lakes. For example, in southwestern Michigan, 3 species are in shless lakes, whereas 12 species are in lakes with sh; in North Carolina, shless lakes have 2 species, and lakes with sh have 10 (McPeek, 1989 10 (McPeek, , 1990a 10 (McPeek, , 1998 . Within a region, each lake supports populations of all species associated with that lake type; in Michigan, all shless lakes have the 3 shless-habitat species, and all sh lakes have the 12 shhabitat species found in that region (McPeek, 1989 (McPeek, , 1990a (McPeek, , 1998 . The identities of the particular species change across regions, but the difference in species richness between habitat types is maintained.
These habitat distributions are maintained primarily by interactions between Enallagma and the top predators that feed in the littoral zones of each habitat. Fish predation excludes from sh lakes the group of species found only in shless waters (Pierce et al., 1985; Blois-Heulin et al., 1990; McPeek, 1990a) . Likewise, predation by large dragon ies, which are themselves excluded from sh lakes by sh predation (Crowder and Cooper, 1982) , exclude the sh-habitat species from shless ponds and lakes (McPeek, 1990a) . Differences in predator susceptibility are caused by behavioral differences between the two species groups in their responses to attacks (Pierce et al., 1985; McPeek, 1990b) . Interspeci c morphological patterns also suggest that these predators have been potent selective agents inuencing the morphological and behavioral evolution of these species (McPeek, 1995 (McPeek, , 1997 McPeek et al., 1996) . Like most insect groups, almost no fossil record exists for this system (Carpenter, 1992) , but given the diversity of the North America assemblage and the apparent effects that these predators have had on shaping their behavior and morphology, the North American Enallagma lineage has presumably had a long evolutionary history in these communities.
MATERIALS AND METHODS
Adult male specimens were captured during the summers of 1992-1996. Table 1 lists the number and collection location of individuals from each of 33 Enallagma species and 5 outgroup taxa from other coenagrionid genera: Argia violacea, Telebasis byersi, Coenagrion resolutum, and two species of Ischnura (I. posita and I. ramburii). The latter two genera are commonly considered to be the closest relatives of Enallagma, based on overall similarity of larval and adult forms (Westfall and May, 1996) . We were not able to obtain for DNA analysis recently collected specimens of the following species: Caribbean basin and Mesoamerican species E. coecum, E. eiseni, E. novaehispaniae, E. rua, E. semicirculare, and E. truncatum; a very recently described species from the western United States, E. optimolocus; the Palaearctic members of the E. cyathigerum group; and the four Asian species of uncertain af nity. Voucher specimens for all taxa are held in the personal collection of M.A. McPeek, Dartmouth College.
We extracted total DNA from each specimen, using the Isoquick Nucleic Acid Extraction Kit (Orca Research, Bothell, WA). We ampli ed 1 kb of the mitochondrial genome, a region spanning parts of the coding region for cytochrome oxidase I and II and the intervening leucine tRNA by polymerase chain reaction (PCR)(Saiki et al., 1988) with the primers described below. The 30-l l We rst ampli ed the region of interest in selected taxa by using primers S2792 and A3772 (Brown et al., 1994) . After obtaining sequences from these taxa through using these primers, we designed two additional primers, S2837 (5 0 end.) We obtained from 65 individuals sequences that were easily aligned by eye. Given limited resources, we tried to obtain sequences from at least two individuals of each species, rather than to sequence the haplotype of each individual for both strands.
Morphological features were scored from specimens in the personal collections of M. L. M. and M. A. M., and from specimens obtained from the International Odonata Research Institute Collection and the Florida State Collection of Arthropods (both at Gainesville, FL). Multiple larval and adult specimens taken from widely separated populations were examined for each species to determine character states. The 37 characters scored for each species are described in Appendix 1, and character states for each species are given in Appendix 2.
We rst analyzed the molecular and morphological data sets separately and then combined these two data sets for phylogenetic inference of species relationships. We used PAUP* 4.0b3 (Swofford, 2000) for all phylogenetic analyses. Maximum parsimony (MP) trees were obtained by using heuristic searches with 100 randomaddition (RA) replicates and TBR branchswapping. Sequence gaps were scored as new states. Decay indices (Donoghue et al., 1992; Bremer, 1994) were obtained by using the program AutoDecay (Eriksson, 1997) to de ne constraint trees for each node; we then found the MP trees that did not include this tree, using heuristic searches with 10 RA replicates. Because of the high sequence divergence among some taxa, we also searched for MP trees based on amino acid sequences of protein-coding regions, using the Drosophila mitochondrial code. We also used PAUP* to generate bootstrap support estimates for MP trees, using 500 replications.
Haplotype (mtDNA) relationships were also inferred by using maximum likelihood (ML). We estimated the substitution model for the ML analyses, using the following steps: (1) determined which model had the lowest ¡ log likelihood (¡ lnL) scores on a randomly chosen MP tree and on the minimum evolution (ME) tree; (2) obtained ML estimates of the relevant model parameters (e.g., percent invariable sites, gamma shape parameters, substitution matrices) on each of these two trees; and (3) searched for the ML tree by using these model parameters (a heuristic search with 50 RA replicates). Given the length of time required for ML searches, we reduced the data set for the last step to a single haplotype for each species, plus two outgroup haplotypes.
The same reduced data set was used for all combined data analyses (including incongruence analyses), except that we used only a single outgroup taxon, Ischnura, obtained by combining morphological data from I. verticalis with sequence from I. posita (over a 540-bp portion of cytochrome oxidose I and II sequences, these taxa show >99% similarity [J.M. Brown, unpubl. data] ). This is equivalent to de ning two outgroup taxa, one with only morphological data and the other with only molecular data. We tested for homogeneity of the mitochondrial and morphological data by using Farris et al.'s (1995) partition homogeneity test with 500 replications, as implemented in PAUP*. In this analysis, we used heuristic searches with 5 RA replicates and a MAXTREE setting of 200 to avoid excessively long searches of tree space over replicates.
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RESULTS

Morphology
We found 480 most-parsimonious trees (tree length = 123, consistency index, [CI, excluding uninformative] = 0.541; Fig. 1 ) based on morphological features alone. Species were divided into two large, strongly supported clades, each of which contained several nodes unresolved in the strict consensus of these trees. One large clade (seven species labeled "dubium-signatum clade" in Fig. 1 ) is strongly supported by ve unambiguous changes. Several groups of two to three species each are supported by multiple unambiguous changes. Because of the large number of nonminimal trees, we were unable to calculate decay indices.
mtDNA
We identi ed 56 unique haplotypes in the 65 damsel ies we sequenced (GenBank accession nos. AF064985-AF065040). The only evidence for evolution in sequence length was in the region corresponding to the TW C loop of the leucine tRNA (16 bp upstream from the 3 0 end), where E. pallidum sequences had a 1-bp insertion. Raw sequence divergence among haplotypes from different species of Enallagma ranged from 0.1% to 17.2% (between the E. aspersum and E. basidens haplotypes). Within-species divergence ranged from 0 to 1.1%. Divergences among Enallagma and outgroup haplotypes ranged from 10.5% to 18.7%. As expected, thirdcodon positions showed the most variability (90% of the sites were variable), followed by the rst and then the second codons (Table 2) . Third-codon positions provided the largest number of parsimony-informative characters, whereas the second positions and the tRNA sequence had the largest CI values (see Table 2 ). A + T bias was most extreme at third-codon positions (Table 2 ) but did not differ signi cantly among taxa (v 2 = 73.9, df = 165, P > 0.99).
Heuristic searches of the mtDNA matrix converged uniformly on 5004 MP trees of 996 steps (CI [excluding uninformative] = 0.452; Fig. 2 ). The haplotypes were clustered into four large clades of 7-11 species each, three of which are strongly supported by many synapomorphic substitutions (see Fig. 2 ). We could not determine support for all nodes by calculating decay indices and bootstrapping because the large number of possible topologies within the anna-civile and lateraleclausum clades (where haplotype sequence divergences were typically < 1%) exceeded memory capacity. To avoid this problem, we chose a subset of three haplotypes at random from each of these clades and then determined bootstrap and decay indices for the rest of the nodes in the tree by using this subset of taxa. We repeated this process several times, using different randomly chosen subsets; the lowest bootstrap and decay index values for nodes are reported in Figure 2 . There is strong support for three of the four large clades, and for the position of E. durum as basal to the laterale-clausum clade. There is also strong support for species groups within clades: (1) (E. exsulans + E. weewa), and (E. pallidum + E. traviatum); and (2) within the dubium-signatum clade. A fourth large clade is resolved in the parsimony consensus tree but has weak support (decay index = 1 and < 50% bootstrap) for the placement of the E. antennatum and E. basidens haplotypes, each of which could be switched to positions basal to either the dubium-signatum clade or to the remaining taxa with little change in tree lengths. There is no support for species relationships from mtDNA relationships within either the laterale-clausum or the anna-civile clades, because of the small amounts of sequence divergence.
After converting the protein-coding sequence to amino acids by using the Drosophila mitochondrial code, we removed 15 taxa that did not vary from others in amino acid sequence. We found 183 most-parsimonious trees of 371 steps between the remaining 41 haplotypes. The strict consensus of these (not shown) was less resolved than the DNA haplotype consensus (Fig. 2) ; monophyly of the anna-civile clade was lost, and E. durum was placed within the laterale-clausum clade. The two other major clades were retained, although E. antennatum + E. basidens were placed as sister to E. divagans, based on a single amino acid substitution.
We found that the general time reversible (GTR) model provided consistently lower ¡ ln L scores on the randomly chosen MP and ME trees (Table 3) . For the entire sequence, the GTR model with rate heterogeneity and invariable sites (GTR + C + I)
had the greatest likelihood. (Because this is FIGURE 2. Strict consensus of 5004 MP trees based on mtDNA variation (equal weighting). Species of Enallagma and state of origin are shown for each haplotype (" £ 2" indicates that two individuals of identical haplotype were sequenced). The number of substitutions inferred by PAUP (accelerated transformation) is above each branch, followed by the decay index in parentheses; bootstrap support values are below each branch (when > 50%). A decay index of " ¤ " denotes a node present in all 5004 MP trees for which we did not attempt to calculate either bootstrap or decay indices (see text). (6024) 5727 (5494) 5780 (5536) 5717 (5483) (5391) F81 (Felsenstein, 1981) , HKY (Hasegawa et al., 1985) , GTR (Yang, 1994) . C refers to a model assuming rate heterogeneity across sites with shape parameter a ; I refers to a model with invariable sites; CODON refers to rate heterogeneity partitioned according to codon position. Scores in parentheses refer to analysis on protein-coding data only.
the most parameter-rich model, we used a likelihood-ratio test to con rm that simpler models did not provide an adequate t to the data; for all comparisons, the more-complex model provided a signi cantly better t [ P < 0.05].) However, when we repeated this analysis on the protein-coding data only, applying the GTR model with rate heterogeneity based on codon position (GTR + CODON) resulted in substantially lower ¡ ln L scores (Table 3) . Heuristic searches with estimated ML parameters from both models (Table 4) returned identical topologies (Fig. 3) . This tree was consistent with the MP consensus tree (Fig. 2 ) except for the position of E. antennatum, which was sister to the E. divagans + E. pallidum + E. traviatum clade, rather than basal to the unresolved clade.
Comparing Data Partitions
Phylogenetic hypotheses based on molecular characters show some con ict with those based on morphology. Although both data sets are consistent in recognizing two major radiations and a strongly supported dubiumsignatum clade, relationships within these clades con ict. Using the reduced data set, we found 12 MP trees based on mtDNA data alone (tree length = 701) and, as reported above, we found 480 MP trees based on Proportion of sites assumed to be invariable = 0.48965 Gamma distribution with shape parameter a = 0.98674
Numbers refer to the GTR + CODON model; numbers in parentheses refer to parameters for the GTR + C + I model (see Table 3 and text). the 37 morphological characters. Constraining the molecular data to the morphological consensus tree required 168 extra steps (24% of MP tree length), whereas constraining morphological data to the mtDNA consensus tree required 27 extra steps (22% of MP tree length). We found 52 MP trees (tree length = 851) based on the combined data set, the strict consensus of which (not shown) differed from that of the molecular results in the position of a few taxa in the anna-civile and lateral-clausum clades, E. basidens, and the daeckii-exsulans-weewa group. The two data partitions were signi cantly nonhomogeneous (P = 0.002) by the test of Farris et al. (1995) .
Reconstruction of Habitat Use
Reconstruction of the evolution of habitat af nity on the ML mitochondrial phylogeny by using parsimony (Fig. 3 ) indicated that coexistence with sh predators is the ancestral state for the North American Enallagma (species from the outgroup genus Ischnura are found in both habitats; McPeek, 1998) . All the species in the concisum-traviatum clade (upper clade in Fig. 3 ) are known to coexist with sh (McPeek, 1989 (McPeek, , 1990a (McPeek, , 1998 . Also, most of the species in the anna-civile and lateraleclausum clades are known to coexist with sh; only E. doubledayi, E. aspersum, E. boreale, and E. cyathigerum are found as larvae coexisting with large dragon y predators in shless lakes (McPeek, 1989 (McPeek, , 1990a (McPeek, , 1998 . Depending on the assumptions about relationships within the anna-civile and laterale-clausum clades, two to four independent invasions of the shlesslake environment have occurred (Fig. 3) to found the lineages that have led to the extant species in this habitat. Because MP reconstructions can lead to false inferences FIGURE 3 . ML phylogeny of Enallagma species. The " ¤ " identi es the single node that is inconsistent with the parsimony consensus tree (Fig. 2) . Arrows identify the species that are found as larvae in shless waters. under many conditions (Cunningham et al., 1998) , we tested the sensitivity of this result in two ways: (1) We tested the sensitivity of character reconstruction to the assumptions of equal transformation probabilities (Donoghue and Ackerly, 1996) between the two states, using MacClade 3.05 (Maddison and Maddison, 1992) . Multiple independent, derived origins of shless habitat use were consistently inferred, unless we assumed that the transitions from shless to sh-containing habitats were more than ve times as likely as the reverse. (2) The MP result was not altered when using the trees from combined or morphological data sets. We also used a Kishino and Hasegawa (1989) test to compare the likelihood of trees with multiple invasions versus a single invasion of shless habitats. One randomly chosen MP tree was signi cantly more probable (P < .0001) than the most-parsimonious tree constrained to a single invasion of the shless habitat.
DISCUSSION
Phylogenetic Inferences
Both molecular and mitochondrial characters strongly support the division of the North American Enallagma into two large radiations with roughly equal numbers of recognized taxa. Species living in shless habitats are all derived from one of these clades. Based on ML estimates of molecular branch lengths (Fig. 3) , the tempo of differentiation within these clades has been markedly different: Species in laterale-clausum and annacivile clades are derived from two parallel bursts of radiation and show little sequence divergence, which is consistent with recent, rapid speciation. In contrast, the clade containing the dubium-signatum group and poorly resolved taxa exhibit varying extents of sequence divergence, which is consistent with both recent and ancient divergence. The signi cant incongruence between molecular and morphological character partitions raises doubts, however, about species relationships within these several clades.
Although sources of incongruence are difcult to determine, the molecular data may be affected by the high homoplasy in some parts of the phylogeny, as illustrated by relationships among taxa that show high sequence divergence (the unlabeled clade of E. basidens-E. weewa in Fig. 2) . Positions of these taxa are not strongly supported by molecular data (notice the low bootstrap and decay indices in Fig. 2) , and it is within this group that the single difference was found in the results of parsimony versus ML phylogenies (in the position of E. antennatum). High sequence divergences among these taxa (Fig. 3) suggest that incongruence may reect the limited ability of molecular data to recover the true phylogeny when many nucleotide substitutions are superimposed. Although ML analyses should compensate for this, the number of taxa precluded a bootstrap analysis of nodes, making it dif cult to assess con dence in these results.
Attempts to recognize groups of related species within Enallagma date back to De Selys (1876). Since then, numerous authors have discussed relationships among North American species (Byers, 1927; Garman, 1927; Walker, 1953; Westfall and May, 1996) ; only Donnelly (1963) , however, proposed a fully developed phylogeny, based largely on shape of the penes and male color. These earlier analyses relied entirely on morphological information, mainly male color and secondary sexual characters and, in some cases, larval characters (Garman, 1927; Walker, 1953, Westfall and May, 1996) . All of these authors, even De Selys (1876), recognized as distinctive a group equivalent to our dubium-signatum clade, and most also identied a group of "blue species", corresponding fairly closely to our laterale-clausum clade. Placement of the members of the anna-civile clade, E. durum, E. antennatum, E. basidens, E. divagans, E. traviatum + E. pallidum, E. daecki, and E. exsulans + E. weewa has been much more problematic. They have been variously partitioned between the "blue clade" and a third, composite lineage (Donnelly, 1963; Westfall and May, 1996) or divided into several species groups without any indication of relationships among groups (De Selys, 1876; Byers, 1927; Garman, 1927) . Although molecular data strongly indicate the positions of the anna-civile clade and E. durum, relationships among the remaining, highly divergent, taxa may be better resolved by more slowly evolving genes.
Pattern of Species Diversity
The phylogenetic hypothesis derived in this study provides a simple explanation for the great disparity in the number of Enallagma species found in sh-containing and shless waters in eastern North America. Our analysis suggests that shifts have occurred more than once and probably very recently. Small sequence divergences and evidence of haplotype paraphyly in the annacivile and laterale-clausum clades suggest that the large number of species in each are the result of relatively recent and explosive radiations. Low sequence divergences could also be explained by lower rates of evolution in the two clades than in the rest of the genus. However, average sequence divergence (corrected by ML) from the Coenagrion haplotype is 30.8 for members of the anna-civile and laterale-clausum clades and 32.4 for the rest of the Enallagma species, not a large enough difference to explain the apparent recent burst of radiation solely as an artifact of lower rates of molecular evolution. Elsewhere (McPeek and Brown, 2000) , we discuss additional ecological and biogeographic evidence that supports the hypothesis of recent ancestry of the shless waters species, as well as explanations for the explosive diversi cations in these clades. If extant lineages inhabiting shless waters simply have not had enough time to permit substantial diversi cation within this new ecological environment, the disparity in species richness between these two habitats would be the result of differential times of occupancy for extant lineages.
Although multiple shifts to shless habitats have occurred, they are relegated to only one of the two large clades (Fig. 3) . Not all species may easily give rise to new species in shless environments, perhaps because of differences in behavioral and physiological "preadaptations" to the shless environment between members of the two major clades (M.A. McPeek, unpubl.) . Completing a successful shift in habitat from sh-containing to shless milieus appears to require a substantial amount of adaptive evolution to coexist with the new predator (i.e., dragony larvae). Larvae of Enallagma species coexisting with sh avoid predators primarily by crypsis; these species move infrequently and slowly and perform no evasive behaviors when attacked by predators (McPeek, 1990b) . In contrast, species coexisting as larvae with dragon ies in shless waters are more active and swim away from attacking predators, an effective strategy against dragon ies but not against sh (McPeek, 1990b) . Field measurements have shown that dragon y predation imposes substantial natural selection for morphological features that increase swimming performance in extant populations (McPeek, 1997) . Also, reconstructions of character evolution, using a preliminary phylogeny derived from a subset of the morphological characters and a subset of the species included in this study, have indicated that rapid evolution to increase swimming speed is associated with these habitat shifts from coexisting with sh to coexisting with dragon y predators (McPeek, 1995; McPeek et al., 1996) . When those same character reconstruction analyses were repeated with the phylogeny inferred here, the differences in rates within the sh habitat and the rates associated with habitat shifts are even more pronounced, because the branches leading to species coexisting with dragonies are so short (McPeek and Brown, 2000) . Shifts to shless lakes thus require both ecological opportunity and the presence of heritable variation in multiple phenotypes critical to survival in the presence of dragon y predators.
Along with previous ecological studies, this phylogenetic analysis of the North American Enallagma has provided key insights into the structure of this presentday assemblage of species. The striking difference in species diversity between shcontaining and shless waters is most simply attributed to a difference in the lengths of time each habitat has been occupied by lineages in this clade. However, past successful habitat shifts into shless waters by lineages that have subsequently gone extinct will not be apparent in such analyses as this. For example, lineages could have shifted from sh to shless waters and successfully adapted to living with dragon ies throughout the history of the Enallagma, but perhaps the extinction rates are intrinsically higher in that habitat (see McPeek and Brown, 2000) . Therefore, the apparent recentness of the time of invasion may only be an artifact of the resolution of this type of analysis, and ecological differences between the two habitat types that cause differences in extinction rates may ultimately cause the differences in species diversity. Without a fossil record, this may be an intractable problem to solve.
Drown for laboratory assistance. Suggestions by Chris Simon and two anonymous reviewers helped to improve early drafts of the manuscript. This work was supported by National Science Foundation grant DEB-9419318 and Grinnell College.
